[during natural behavior]{.smallcaps}, saccadic eye movements occur in concert with arm and hand movements ([@B32]; [@B56]; [@B69]). The onset and acceleration of hand movements occur at reliable times with respect to the saccade, suggesting common or interrelated control mechanisms ([@B33]; [@B52]; [@B97]). Situated in the dorsal stream of the visual system, the posterior parietal cortex (PPC) has a well-established role in visually guided behavior ([@B4]; [@B19]; [@B46]) and is critical for the coordination of visual behavior. Damage to the PPC gives rise to sensory-motor deficits such as optic ataxia, the inability to accurately reach to visually presented targets ([@B16]; [@B93]). Therefore, PPC is a likely site for the coordination of saccades and reaches.

Although the neurophysiological mechanisms of eye and arm movements are predominantly studied in isolation ([@B27]), many studies have found populations of neurons that are modulated by signals necessary to coordinate eye-hand movements, notably in the frontal eye fields (FEF) ([@B111]), supplementary eye fields (SEF) ([@B43]; [@B81]), supplementary motor areas ([@B43]), premotor cortex ([@B14]; [@B21]; [@B58]; [@B88], [@B90]), parietal-occipital cortex ([@B15], [@B16]; [@B40]), and the superior colliculus (SC) ([@B75]; [@B100]; [@B116]). The lateral bank of the intraparietal sulcus (area LIP) is interconnected with visually guided reaching areas in the medial intraparietal sulcus ([@B71]), as well as oculomotor structures in the frontal cortices ([@B20]; [@B76]). Therefore, area LIP is also well-situated to mediate coordinated behavior. Neurons in area LIP have long been studied in the context of intention to make a saccade ([@B13]; [@B44]; [@B107]), the allocation of visual-spatial attention ([@B6]; [@B18]; [@B30]; [@B47]), and the maintenance of an updated representation of visual space ([@B38]; [@B51]). Area LIP also carries spatial cognitive signals related to perceptual and economic decision-making ([@B29]; [@B37]; [@B45]; [@B63]; [@B72]; [@B73]; [@B94]; [@B101]; [@B103]; [@B104]; [@B110]), and the activity of area LIP neurons during a visual attention task is modulated by nonspatially targeted operant limb responses ([@B87]). However, the activity of area LIP neurons has not been studied during coordinated eye-hand movements.

Along with studies of the activity of individual neurons, there is increasing interest in understanding the neural mechanisms of behavioral processes in terms of the activity of populations of neurons measured using the local field potential (LFP) ([@B24]; [@B41]; [@B48]; [@B49]; [@B53]; [@B62]; [@B91], [@B89]; [@B102]; [@B109]; [@B115]). LFPs mainly reflect the summation of synaptic potentials generated by neural populations typically within hundreds of micrometers of the recording electrode ([@B65]; [@B78]; [@B86]; [@B118]). As a result, analyzing correlations between spiking activity and the LFP may reveal differences in the relationship between the firing of individual neurons and synaptic activity in the local population ([@B90]). Correlations between the spiking activity and the LFP may, for example, reflect differences in the connections between various groups of neurons ([@B53]). The firing rate of neurons during coordinated movements may also be associated with different patterns of synchronous synaptic activity within local circuits, which is measured by spike-field coherence (SFC). Thus examining the spike-field activity in area LIP may reveal specific relationships between the firing of individual neurons and neural populations that are likely to be important for understanding the neural mechanisms of coordination.

We compare spiking and LFP activity in area LIP during coordinated reach and saccade movements and saccades made alone. We find that the influence of coordinated movements is reflected in both spiking and LFP activity in area LIP. We first examine how performing coordinated movements influences the firing rate of LIP neurons. We then estimate SFC to examine the correlations between individual neurons and the LFP. We find that neurons whose firing rate is suppressed during a coordinated reach and saccade have activity that is temporally coherent with the LFP. Similar to the suppression of coherently active spiking, we find that LFP power is also suppressed during a coordinated reach and saccade. These results are the first evidence that area LIP encodes coordinated eye-hand behaviors, and they demonstrate the presence of a temporally coherent population of neurons whose firing rate is suppressed during coordination. The suppression of coherent patterns of saccade-related activity may play an important role in coordinating saccades with reaches.

METHODS
=======

Experimental Preparation
------------------------

Two adult male rhesus macaques (*Macaca mulatta*) participated in this study. A recording chamber was surgically placed over the PPC. For both subjects, a structural MRI-guided stereotaxic instrument (Brainsight, Rogue Research) was used to establish the placement of the chamber. Recording locations were made from area LIP, on the lateral bank of intraparietal sulcus (IPS), 5--7 mm below the cortical surface.

All surgical and animal care procedures were approved by the New York University Animal Care and Use Committee and were performed in accordance with National Institutes of Health guidelines for care and use of laboratory animals.

Behavioral Control
------------------

Subjects performed reaches and saccades for liquid rewards. Reaches were performed with the arm contralateral to the recording chamber. The start and end positions of the reach were monitored with an acoustic touch-sensitive screen (ELO Touch Systems). Eye position was constantly monitored with an infrared optical eye tracking system sampling at 120 Hz (ISCAN). Eye positions were digitized at 1 kHz. Visual stimuli were presented on an LCD screen (Dell) placed directly behind the touch screen. The visual stimuli were controlled via custom LabVIEW (National Instruments) software executed on a real-time embedded system (NI PXI-8184, National Instruments).

Subjects performed two center-out memory-guided movement tasks: a coordinated reach and saccade task ([Fig. 1*A*](#F1){ref-type="fig"}) and a saccade-alone task. Although shown in grayscale in [Fig. 1](#F1){ref-type="fig"}, targets consisted of colored squares; each side of the square was 2 × 2° of arc. Initial fixation and touch were represented by a green target and a red target, side by side. The green target indicated the start position for the hand, and the red target indicated the start position for the eye. Initial fixation and touch was always located at the center of the screen. Therefore, initial hand and eye positions were the same for both tasks. The subject fixated while touching the screen for a variable baseline period of 500--800 ms, after which a target would flash 10° in the periphery for 300 ms. Retinal stimulation was the same for both tasks. There were eight possible target locations. Yellow targets indicated a reach and saccade trial, while red targets indicated a saccade-alone trial. After the target flash, subjects maintained fixation and touch for a variable memory period of 1,000--1,500 ms. After the memory period, the central fixation and touch targets would extinguish, cueing the subject to move to the remembered target location. In the reach and saccade task, both central targets would extinguish, cueing a reach and a saccade. In the saccade-alone task, only the red fixation target would extinguish, cueing a saccade alone while the subject continued to touch the center of the screen. The reach and saccade end points were constrained to a window with a 5° radius around the remembered target location. Trials were included for analysis only if the subject responded with a saccade or reach and saccade within 500 ms of the Go cue.

![Overview task and recordings. *A*: outline of memory-guided reach and saccade task. Subjects were trained to perform a reach and saccade to a remembered target position. Extinction of the fixation target cued the instructed movement to the remembered target position. This was performed in 8 directions to map the response field of each neuron. *B*: after response field mapping, the task was limited to a target in the response field, or preferred direction, and the target diametrically opposed, or null direction. The response field is indicated by the shaded gray region in the visual field. A memory-guided saccade-alone task was also performed in the preferred and null directions (not shown). *C* and *D*: average firing rates across all recordings from both subjects are shown for both the reach and saccade task (dashed gray) and the saccade-alone task (solid black) in both the preferred and null directions.](z9k0051212110001){#F1}

Neuronal Recordings
-------------------

The reach and saccade task was performed in eight directions to map the response properties of each neuron for 80--100 trials. After the response field was identified, the target in the center of the response field was chosen as the preferred direction for that neuron. The target location diametrically opposed to the preferred direction was chosen as the null direction for that neuron ([Fig. 1*B*](#F1){ref-type="fig"}). Subjects then performed the reach and saccade task and the saccade-alone task in both the preferred and null directions. All four conditions were randomly interleaved so that the monkey could not predict the condition at the start of each trial.

When activity from a neuron was initially isolated, we ran the reach and saccade mapping task. If the activity appeared spatially selective, we proceeded to test the main task conditions. After the experimental recording database was complete, we performed a statistical test to determine spatial selectivity in the responses (see below). Only spatially selective neurons were analyzed for differences between the two tasks. We recorded a total of 204 neurons, of which 55 (27%) were spatially selective during the memory delay period.

To confirm that receptive fields are consistent for saccades made alone and saccades made with reaches, we mapped with both a visually guided reach and saccade task and a visually guided saccade-alone task in 21 neurons that showed spatial selectivity for both tasks (13 from *monkey J*, 8 from *monkey H*). The only methodological difference from the memory-guided tasks was the presence of the target throughout the delay period. We found that the majority of cells showed significant tuning for the same direction (9/13 *monkey J*, 8/8 *monkey H*; *P* \< 0.05, random permutation). The four cells that did not show tuning for the same target were tuned for targets 45--135° apart and within the same visual hemifield (90 ± 36°, mean ± SD). Therefore, we consider receptive fields to be consistent across tasks.

Recording locations were determined with Brainsight software that allowed us to visualize the cortex under the chamber with a three-dimensional reconstruction of MRI images from each subject. This allowed us to reliably target the lateral bank of the IPS. Specifically, the recording locations in each animal spanned a 5- to 6-mm distance along the IPS whose most medial extent was 6 mm from the parieto-occipital sulcus. Recordings were made within the sulcus 5--7 mm below the cortical surface.

Neural recordings were made with 0.7- to 1.2-MΩ glass-coated tungsten electrodes (Alpha Omega). In each recording session, two to four electrodes were lowered into the IPS. Alpha Omega microdrives were used to lower electrodes. Electrodes were supported by a guide tube and penetrated the dura before entering the brain. The guide tube did not penetrate the dura. Neural activity from each electrode was passed through a head stage (TDT Electronics), amplified (×500--1,000; TDT Electronics), digitized (20 kHz; National Instruments), and continuously streamed to disk. We recorded raw waveforms from each electrode. Neural recordings were referenced to the guide tube, which was in contact with the dura.

Data Analysis
-------------

### Neural activity.

Spike waveforms were extracted and clustered during the recording sessions to guide the neuron isolations. Spike waveforms were extracted off-line. Spike waveforms were then overclustered and manually merged on a moving 100-ms time window.

Significance in firing rates was determined with a random permutation test. All permutation tests were performed with a minimum of 10,000 randomizations. A neuron was defined as spatially selective if it exhibited significantly higher firing rates (*P* \< 0.05) during the last 500 ms of memory period in the preferred direction compared with the null direction for both the saccade-alone task and the reach and saccade task.

We analyzed spatially selective neural activity in six temporal epochs across the trial. The first three epochs were aligned to the onset of the target. We refer to the 500-ms interval preceding target onset as the *baseline* epoch. The 500-ms interval that begins with the target flash is the *target* epoch. The interval 500--1,000 ms after the onset of the target flash is the *early memory* epoch. The other three epochs were aligned to the start of the saccade. We refer to the 500-ms interval before the saccade begins as the *late memory* epoch. Because the memory period varied from 1,000 to 1,500 ms, in some trials the *early memory* and *late memory* epochs partially overlap. On average, the time between target onset and saccade start was 1,849 ± 357 ms. Therefore, in the majority of trials the epochs are distinct. We refer to the 500-ms interval that begins with the saccade as the *movement* epoch because it contains the saccade, and on the reach and saccade trials, the reach as well. The 500-ms interval following the *movement* epoch is the *postmovement* epoch.

We define three different populations of cells based on their firing rate during the two tasks. Saccade preference cells had significantly higher firing rates for the saccade-alone task compared with the reach and saccade task during at least one of the five trial epochs (the *baseline* epoch was not included) and did not have significantly higher firing rates for the reach and saccade task in any epoch. Reach and saccade preference cells had a significant increase in firing rate for the reach and saccade task during at least one trial epoch and did not have a significant increase in firing rate for the saccade-alone task in any epoch. It is important to note that we use the term "reach and saccade preference," rather than "reach preference," for two reasons. First, all of the cells were tested for spatial selectivity with the saccade-alone task. Therefore, they were all responsive in a saccade-alone condition and not purely reach selective. Second, we do not use a reach-alone task to look for reach-selective cells. As our interest is in the role of area LIP in coordinated hand-eye movements, it was necessary to find cells with saccade-related activity. The remainder of the cells were classified as no preference cells and either did not have significant change in firing rate in any trial epoch or had higher firing rates for the saccade-alone task in some epochs and higher firing rates for the reach and saccade task in other epochs.

Significant differences in each epoch were defined as having a *P* \< 0.01 by a random permutation test. This strict *P* value criterion allows us to run five parallel permutation tests and still ensure an overall significance of *P* \< 0.05. We performed simulations of the random permutation tests to confirm the overall significance level.

### Spike-field coherence analysis.

For each spike-field recording, we calculated the SFC, using multitaper methods with a ±250 ms analysis window, stepped 50 ms between windows with ±5 Hz smoothing aligned either to the target flash or start of the saccade. To assess the interactions between groups of cells and LFPs, we calculated the SFC between the cells in each of three groups and LFPs in area LIP to give a saccade preference SFC, a reach and saccade preference SFC, and a no preference SFC.

Because SFC is influenced by spiking activity recorded on the same electrode as LFP activity ([@B119]), we restricted our analysis to the SFC recorded on neighboring electrodes. The minimum spacing between electrodes was 550 μm. The median separation between electrodes was 714 μm. Since we observed that, on average, the SFC magnitude recorded on different electrodes depends on the distance between the electrodes, we tested whether the median distances between electrodes for the saccade preference SFC, reach and saccade preference SFC, and no preference SFC were significantly different. We confirmed that the median of the spike-field distance was not significantly different across groups \[saccade preference SFC (694 μm), reach and saccade preference SFC (761 μm), and no preference SFC (745 μm); *P* \> 0.05, rank sum test\].

To compare differences in coherence across groups, we calculated the *z* score for the estimated coherence ([@B54]). The *z* score is given by calculating the expected standard deviation of the coherence given the number of degrees of freedom (ν = number of trials × number of tapers) and transforming the measured coherence so that, under the null hypothesis that the coherence is zero, the transformed coherence is distributed as a normal variate with variance equal to 1. The transformation we used was *z* = β(q − β), where q = −ν − 2 × log 1 − C, β = 1.25, and C is the coherence. We focused our analysis on the peak of the coherence. To determine the peak, we averaged together all 42 spike-field sessions for both tasks. Coherences that were two standard deviations above the average coherence were considered the peak. The peak ranged from 11 to 31 Hz so we analyzed activity at the center frequency, 20 Hz.

### LFP spectrum analysis.

For each LFP recording, we calculated the spectrum, using multitaper methods with a ±250 ms analysis window, stepped 50 ms between windows with ±2.5 Hz smoothing aligned either to the target flash or start of the saccade ([@B77]). To assess the strength of task selectivity in LFP activity at each frequency (1--100 Hz), we tested for differences in LFP power between the two tasks, using a random permutation test. We performed this analysis on all LFPs recorded from area LIP and determined the percentage of LFPs that showed a significant difference in power between the two tasks (*P* \< 0.05, permutation test).

We also analyzed LFPs recorded on the same electrode as our three groups of cells (saccade preference, reach and saccade preference, no preference). At each frequency, we determined the range of the percentage of LFPs expected to show a significant difference between the two tasks based on the activity of the entire population (*P* \< 0.05, binomial distribution). This enables us to determine, at each frequency, whether or not the percentage of LFPs in each group differs significantly from the entire population.

### Saccade metrics.

To test whether differences in neural activity could be attributed to differences in the eye movements between tasks, we analyzed the saccade metrics. The main sequence, or positive relationship between peak velocity and saccade amplitude, has been shown to be a robust feature of the saccadic system ([@B9]) and has been reported previously for coordinated reach and saccade movements ([@B108]). We compared peak velocity during the reach and saccade task compared with the saccade-alone task. Following [@B108], for each of the eight directions, we calculated the average peak velocity for each task. First we compared this across all trials, regardless of amplitude. We then restricted the analysis to look at trials with the same amplitude in the following way. For each direction, we found the mean amplitude across both tasks. All trials that fell within a 1° window of that end point were included in the analysis.

We also analyzed spatial differences in saccade end point between the two tasks. To measure accuracy, we calculated the mean saccade end point for each task in each direction. We then calculated the vector from the mean saccade end point to the previously flashed location of the target. Because all trials were memory guided, some inaccuracy is expected. We also analyzed the variance in saccade end points for each target and each task. For each trial, we subtracted the mean end point and then calculated the mean squared error. This gave us a measurement of the spread or precision of saccade end points for a given task and target.

RESULTS
=======

We recorded the activity of 204 neurons in area LIP in two rhesus macaques (121 from *monkey H*, 83 from *monkey J*) performing a memory-guided reach and saccade task and a memory-guided saccade-alone task. A total of 55 neurons demonstrated spatially selective responses during the memory delay period (41 from *monkey H*, 14 from *monkey J*; *P* \< 0.05, permutation test). We averaged the mean firing rate across all spatially selective neurons for preferred ([Fig. 1*C*](#F1){ref-type="fig"}) and null ([Fig. 1*D*](#F1){ref-type="fig"}) directions during the reach and saccade task and the saccade-alone task. In the preferred direction, the mean firing rate shows no significant difference between the two tasks at any time during the trial. Consequently, the population average does not reveal an influence of coordination on neuronal firing in area LIP during the period before movement. Note, however, that in the null direction, postsaccadic activity in the saccade-alone task is significantly suppressed in the reach and saccade task ([Fig. 1*D*](#F1){ref-type="fig"}).

Firing Rate of Area LIP Neurons Is Modulated by Reaching
--------------------------------------------------------

Because the properties of the firing rate of individual neurons can vary greatly, effects of reaching on firing rate can be obscured when population activity is averaged. Although the population average did not reveal a systematic effect of reaching on the firing rates before movement, populations of neurons whose activity significantly depends on the presence of a coordinated reach may exist. Therefore, we next tested whether activity in individual neurons significantly increased or decreased when a coordinated reach was made with a saccade.

To analyze individual neurons in the population, we divided the trial into six temporal epochs of duration 500 ms: *baseline*, *target*, *early memory*, *late memory*, *movement*, and *postmovement*. For each trial, we calculated the firing rate over each of the six temporal epochs. To determine significant differences, we compared the firing rates across the two different tasks in the preferred direction, using a random permutation test (see [methods]{.smallcaps}).

We found that 87% of neurons (48/55) showed significantly higher firing rates during either the coordinated reach and saccade task or the saccade-alone task during at least one epoch of the trial, excluding the *baseline* epoch. Only 13% of neurons (7/55) showed no significant difference (*P* \> 0.05) between the two tasks during all trial epochs. Since the statistical test we performed compared activity during multiple task epochs, we applied the same tests on permuted data and confirmed that the level of significance for the statistical test was *P* \< 0.05 (see [methods]{.smallcaps}). [Figure 2](#F2){ref-type="fig"} presents the activity in the preferred direction of three example cells: a saccade preference cell ([Fig. 2*A*](#F2){ref-type="fig"}), a reach and saccade preference cell ([Fig. 2*B*](#F2){ref-type="fig"}), and a no preference cell ([Fig. 2*C*](#F2){ref-type="fig"}; see [methods]{.smallcaps}). Across the population, 27% of neurons (15/55) were saccade preference cells and 29% of neurons (16/55) were reach and saccade preference cells; 44% (24/55) of neurons were no preference cells, which either showed no significant difference between the two tasks or showed inconsistent differences across the trial epochs. The reach and saccade preference cell appeared to increase firing before the coordinated movement earlier than the saccade made alone. We examined whether this effect was significant across the population and found that, while present in some neurons, the population average response did not reveal this trend across the population. Firing rate differences in the three groups of cells did not show consistent changes locked to the onset of the reach that did not appear to be locked to the saccade. Examining the reach onset symbols on the reach and saccade task rasters reveals that on trials when the reach onset occurs earlier, changes in the response do not occur correspondingly earlier.

![Responses of LIP neurons during movements to the preferred direction. *A*: saccade preference cell showing higher firing rates for the saccade-alone task. *B*: reach and saccade preference cell showing higher firing rates for the reach and saccade task. *C*: no preference cell showing no significant difference for the reach and saccade task vs. the saccade-alone task.](z9k0051212110002){#F2}

Significant differences in activity between the tasks were present for each epoch after target onset. As expected, there was no significant difference in activity between the two tasks during the *baseline* period \[3/55 (5%); [Fig. 3*A*](#F3){ref-type="fig"}\]. During the *target* epoch, over a third of the cells showed a significant difference between the two tasks \[19/55 (35%)\], with nearly twice as many showing higher firing rates for the saccade-alone task than for the reach and saccade task \[12/19 (68%) higher for saccade alone, 7/19 (37%) higher for reach and saccade; [Fig. 3*B*](#F3){ref-type="fig"}\]. The trend continued through both of the memory epochs, with a third of cells showing a significant difference between the two tasks \[*early memory*: 15/55 (27%), *late memory*: 18/55 (33%); [Fig. 3](#F3){ref-type="fig"}, *C* and *D*\]. During the *movement* epoch nearly half of the cells \[26/55 (47%)\] showed a significant difference between the two tasks ([Fig. 3*E*](#F3){ref-type="fig"}). The number of cells in each population was almost equal, with 12 of 26 (46%) neurons showing higher firing rates for the saccade-alone task and 14 of 26 (54%) neurons showing higher firing rates for the reach and saccade task. Task selectivity persisted well beyond the movements into the *postmovement* epoch, with 42% neurons (23/55) showing a significant difference between the two tasks, 48% of which increased for the saccade-alone task (14/23) and 52% for the reach and saccade task ([Fig. 3*F*](#F3){ref-type="fig"}).

![Scatterplots of cell firing rate during different trial epochs. *A--F*: average firing rate for each cell during each 500-ms epoch plotted for the saccade-alone task (*y*-axis) and the reach and saccade task (*x*-axis) in the preferred direction. Open circles, cells with a significant difference between the 2 tasks. Filled circles, cells without a significant difference between the 2 tasks. Significance was determined with a random permutation test. Three example cells from [Fig. 2](#F2){ref-type="fig"}: saccade preference cell (open gray circle), reach and saccade preference cell (open gray triangle), and no preference cell (open gray square). For visibility, axes are plotted to 50 spikes/s. Therefore, cells with firing rates higher than 50 spikes/s are not shown. The total number of cells showing a significant difference for each task is shown in the *top right* corner of each plot. This number includes cells not visible on the axes.](z9k0051212110003){#F3}

The pattern of firing across individual neurons substantially differed from the population average firing rate. The response of individual neurons to a reach and saccade task was heterogeneous: About a third of neurons showed suppressed firing rates, while another third showed increased firing rates.

Spike-Field Coherence Is Greater for Saccade Preference Cells
-------------------------------------------------------------

The functional heterogeneity we observe suggests that cells in area LIP receive different inputs or perform different computations on their inputs. LFP activity measures extracellular currents generated by populations of neurons, pooling synaptic inputs in the vicinity of the recording electrode ([@B90]). To test whether functional heterogeneity involves patterns of activity that are temporally coherent, we measured correlations between spiking and LFP activity by estimating the SFC. We compared SFC across the three groups of cells: saccade preference, reach and saccade preference, and no preference. To eliminate the possibility of spiking artifactually influencing the LFP, we analyzed LFPs that were recorded at the same time as cells but on neighboring electrodes within ∼700 μm (see [methods]{.smallcaps}).

The saccade preference cells displayed strong SFC for both tasks ([Fig. 4](#F4){ref-type="fig"}, *A* and *B*). SFC was less prominent for both the reach and saccade preference cells ([Fig. 4](#F4){ref-type="fig"}, *C* and *D*) and the no preference cells ([Fig. 4](#F4){ref-type="fig"}, *E* and *F*). In each case we observed a peak in SFC at ∼20 Hz ([Fig. 4](#F4){ref-type="fig"}). SFC at 20 Hz was significantly greater for the saccade preference cells than for the other cell groups through most of the delay period, and this was true for both the saccade-alone task and the reach and saccade task (*P* \< 0.05, 2-sided *t*-test; [Fig. 4](#F4){ref-type="fig"}. *G* and *H*). Coherence was not significantly different between the no preference cells and the reach and saccade preference cells (*P* = 0.6, 2-sided *t*-test).

![Spike-field coherence (SFC) for saccade preference, reach and saccade preference, and no preference cells. *A* and *B*: SFC for saccade preference cells during the saccade-alone task (*A*) and the reach and saccade task (*B*). *C* and *D*: SFC for reach and saccade preference cells during the saccade-alone task (*C*) and the reach and saccade task (*D*). *E* and *F*: SFC for no preference cells during the saccade-alone task (*E*) and the reach and saccade task (*F*). Subpanels are aligned to the onset of the target and the start of the saccade. Color scale indicates coherence magnitude. *G* and *H*: *z* score-transformed coherence at 20 Hz across the trial for the saccade-alone task (*G*) and the reach and saccade task (*H*). Subpanels are aligned to the onset of the target and the start of the saccade. For each task, the average *z* score at 20 Hz is shown for the saccade preference SFC (red), reach and saccade preference SFC (green), and no preference SFC (black). The saccade-alone task is shown by solid lines and the reach and saccade task by dashed lines. The shaded region shows the SE.](z9k0051212110004){#F4}

Coordination Suppresses Saccade-Related LFP Activity
----------------------------------------------------

The SFC analysis suggests that LFP activity in area LIP reflects activity of saccade preference cells. If so, LFP activity should be suppressed during the coordinated reach and saccade task, similar to the firing rate of saccade preference cells. To test this prediction, we analyzed the influence of coordinated reach and saccade movements on LFP activity.

We recorded LFPs at 118 sites in area LIP (82 sites in *monkey H*, 36 sites in *monkey J*) and analyzed the activity for significant differences between the two tasks at each frequency (*P* \< 0.05, permutation test). The LFP recording sites were at the same sites where single-unit activity was observed (see above). [Figure 5](#F5){ref-type="fig"} plots histograms of the percentage of LFPs that showed a significant increase in power for each task at each frequency. LFPs that showed significantly higher power for the reach and saccade task are plotted in light gray, while LFPs that showed a significantly higher power for the saccade-alone task are plotted in dark gray. Unlike the cells, which we found to have fairly even populations with about a third of cells each preferring each of the two tasks, the LFP power was suppressed by the coordinated reach. This suppression is demonstrated by the percentage of LFPs that showed significantly higher power for the saccade-alone task relative to the reach and saccade task.

![Percentage of local field potentials (LFPs) showing a significant difference in power at each epoch. *A--F*: histograms indicating % of LFPs that show a significant change in power between the 2 tasks at each frequency during each epoch. Dark gray, LFPs with significantly higher power for the saccade-alone task. Light gray, LFPs with significantly higher power for the reach and saccade task. The dashed line indicates % of LFPs that one would expect to be significant by chance. Therefore, frequencies exceeding the dashed line had a significantly higher percentage of LFPs than chance (*P* \< 0.05, binomial distribution). Significance was determined with a random permutation test (*P* \< 0.05).](z9k0051212110005){#F5}

We find that two different groups of frequencies are suppressed at different points during the trial. During the *target* epoch, the suppression was seen at frequencies above 30 Hz. During the remainder of the trial, the suppression was centered on lower frequencies, below 50 Hz. During the baseline, there was not a significant number of LFPs that showed a difference between the two tasks ([Fig. 5*A*](#F5){ref-type="fig"}). Following target onset, up to 34% of LFPs (at 54 Hz) had significantly higher power for the saccade-alone task compared with the reach and saccade task. Suppression was broadly seen at higher frequencies (16--34% of LFPs at 31--100 Hz; [Fig. 5*B*](#F5){ref-type="fig"}). During both memory periods, suppression shifted to lower frequencies. The *early memory* period showed two peaks in the suppression: a larger one from 1--27 Hz that peaked at 28--35% of LFPs (5--21 Hz) and a smaller peak centered around 30--49 Hz (12--24%; [Fig. 5*C*](#F5){ref-type="fig"}). Low-frequency suppression continued for the rest of the trial, with greater percentages of LFPs in each epoch. In the *late memory* and *movement* epochs 40--50% of LFPs were suppressed from 5--24 Hz ([Fig. 5*D*](#F5){ref-type="fig"}). However, the *movement* epoch also showed significant suppression at higher frequencies in a smaller percentage of LFPs (15--20%, 31--100 Hz; [Fig. 5*E*](#F5){ref-type="fig"}). In the *postmovement* epoch the suppression of LFPs also extended up to 55 Hz. Few LFPs showed any significant increase in power for the reach and saccade task except during the *postmovement* epoch, when 12--28% of LFPs showed a significant increase in power at higher frequencies (55--100 Hz; [Fig. 5*F*](#F5){ref-type="fig"}). Therefore, LFP activity is suppressed during the coordinated reach and saccade task, similar to the firing rate of saccade preference cells.

LFP Suppression Reflects Preferential Pooling Across Saccade Preference Cells
-----------------------------------------------------------------------------

If LFP activity simply reflects the activity of neurons near the recording electrode, then the LFP suppression we observe may be due to proximity to saccade preference cells and so would not be present near reach and saccade preference and no preference cells. Alternatively, the LFP suppression may preferentially pool activity related to saccade preference cells. Under this alternative, LFP suppression may not be restricted to recordings near saccade preference cells and may also be present near reach and saccade preference cells and no preference cells.

To select between these alternatives, we examined the task selectivity of LFPs divided into three groups according to whether they were recorded on the same electrode as saccade preference cells, reach and saccade preference cells, and no preference cells. [Figure 6](#F6){ref-type="fig"} presents changes in LFP activity grouped by task preference of cells recorded at that site. The solid black line on each graph indicates the percentage of LFPs one would expect to show a significant difference between the tasks based on the total population. Therefore, frequencies exceeding the solid black line reveal a significantly higher percentage of LFPs than would be expected in the total population (*P* \< 0.05).

![LFPs recorded simultaneously with cells classified as saccade preference, reach and saccade preference, and no preference: LFPs recorded on the same electrode as saccade preference cells (*A*), reach and saccade preference cells (*B*), and no preference cells (*C*) that showed a significant difference in power between the 2 tasks during each epoch (*i--v*). Images were generated with the same protocol as [Fig. 5](#F5){ref-type="fig"}. Significance was determined with a random permutation test (*P* \< 0.05). The dark gray histograms indicate LFPs that had significantly higher power for the saccade-alone task. The light gray histograms indicate LFPs that had significantly higher power for the reach and saccade task. The dashed line indicates % of LFPs that one would expect to be significant by chance (*P* \< 0.05, binomial distribution). The solid black line indicates the range of frequencies that are expected to be significant based on the population responses observed in [Fig. 5](#F5){ref-type="fig"}. Frequencies that exceed solid black line are significantly higher percentages than would be expected by chance (*P* \< 0.05, binomial distribution).](z9k0051212110006){#F6}

The basic pattern of significance is the same across the saccade preference, reach and saccade preference, and no preference groups. No group of cells was more likely to be recorded with LFPs that showed an increase in power for the reach and saccade task. Therefore, LFP activity does not simply reflect the activity of neurons near the recording electrode and instead appears to preferentially pool activity related to saccade preference cells.

More closely examining the results further supports the hypothesis that LFP activity in area LIP preferentially pools activity related to saccade preference cells. For each group of cells, we estimated the percentage of LFPs expected to show a difference between the two tasks, based on the degree to which LFP activity was different between the tasks across the entire population (see [methods]{.smallcaps}). This allowed us to determine whether activity in a particular group of recordings was more or less likely to be task selective than expected on average. We found that LFP activity recorded at the same site as saccade preference cells ([Fig. 6*A*](#F6){ref-type="fig"}) was more likely to show significantly greater power for the saccade-alone task than expected on average (*P* \< 0.05, binomial distribution). This is true at all frequencies for the *target* epoch (1--100 Hz) and at frequencies up to 55 Hz for the rest of the trial. In most epochs, up to 80--90% of the LFPs had significantly greater power for the saccade-alone task than the reach and saccade task. In contrast, LFP activity recorded at the same site as reach and saccade preference cells ([Fig. 6*B*](#F6){ref-type="fig"}) was no more likely to have an increase in power for the reach and saccade task than LFP activity in the rest of the population. LFP activity was just as likely to show greater power for the saccade-alone task as LFP activity in the rest of the population. The same was true for LFP activity recorded at the same site as no preference cells ([Fig. 6*C*](#F6){ref-type="fig"}). Therefore, while LFP activity is suppressed for coordinated reach and saccade movements overall, the suppression influences a greater percentage of LFP sites with saccade preference cells.

The analysis of LFP power suggests that LFP activity in area LIP preferentially represents the activity of saccade preference cells. LFP suppression was not necessarily related to the proximity of the LFPs to saccade preference cells, but it was stronger near saccade preference cells. Taken together, the results of the SFC and LFP power analyses suggest that temporally coherent patterns of saccade-related activity are suppressed by coordinating a reach with a saccade.

Behavioral Differences Between Tasks
------------------------------------

To test whether or not differences in neural activity between the reach and saccade task and the saccade-alone task could be attributed to differences in saccadic behavior instead of the coordinated reach, we analyzed the reaction times and saccade metrics for the two tasks. The saccade reaction times for the reach and saccade task (234 ± 35 ms *monkey J*, 247 ± 48 ms *monkey H*; mean ± SD) were typically faster than for the saccade-alone task (237 ± 38 ms *monkey J*, 260 ± 46 ms *monkey H*; mean ± SD). For reach and saccade trials, the saccade preceded the reach in 94% of all trials (reach reaction times: 338 ± 46 ms *monkey J*, 345 ± 50 ms *monkey H*; mean ± SD).

We found no systematic shifts in the saccade metrics between the two tasks. When we compared peak velocities between tasks, there was a slight tendency for the peak velocity to be greater for the saccade-alone task, with 29% of targets having a significantly higher peak velocity (*P* \< 0.05, random permutation) for the saccade-alone task (3/8 *monkey H*, 1/6 *monkey J*; [Fig. 7*A*](#F7){ref-type="fig"}) compared with 21% for the reach and saccade task (2/8 *monkey H*, 1/6 *monkey J*). When we constrained trials to those with saccades with amplitudes that fell within a 1° window, we found that this effect persisted, with 29% of targets having higher peak velocity for the saccade-alone task (4/8 *monkey H*, 0/6 *monkey J*) and only 14% having higher peak velocities for the reach and saccade task (1/8 *monkey H*, 1/6 *monkey J*; [Fig. 7*B*](#F7){ref-type="fig"}). There was no systematic effect of target location on differences in peak velocity. We also looked for differences in the spatial metrics of the saccade and reach, in terms of precision and accuracy. We measured the accuracy of the saccade and reach by calculating the average distance of the saccade end point from the actual target location. Here we found that saccades made alone were more accurate for the lower targets (below fixation) than saccades made with a reach. This was highly significant for these targets (*P* \< 0.05 and *P* \< 0.01, random permutation test; [Fig. 7](#F7){ref-type="fig"}, *C* and *E*). There was also a trend for the saccades made with a reach to be more accurate for the upper targets (above fixation), although this was significant for only one target ([Fig. 7](#F7){ref-type="fig"}, *C* and *E*). There were no significant differences between reach accuracy and saccade accuracy for the reach and saccade task (not shown). We also measured the precision or variance of eye movements around each target by subtracting the mean end point and calculating the squared error. For all but two targets, the variance was greater for the reach and saccade task than for the saccade-alone task. While this difference was significant for only three targets, the effect was not limited to the lower targets as in the accuracy analysis. Only two targets had lower variance for the reach and saccade task, but the difference was not significant ([Fig. 7](#F7){ref-type="fig"}, *D* and *F*). Reaches tended to be less variable than saccades, but there was no significant difference between the variance for reaches and variance for saccades in the reach and saccade task at any target (not shown).

![Behavioral analysis of saccade metrics. *A* and *B*: we compared peak velocities for the saccade-alone task (*y*-axis) and the reach and saccade task (*x*-axis). The dashed line indicates equal velocities for both tasks. The peak velocity is shown for each target as well as for each monkey (gray symbols, *monkey H*; black symbols, *monkey J*). We first compared all trials (*A*). Then, to account for differences in saccade amplitude, we compared only trials of the same amplitude, within a 1° window (*B*). We then compared the mean distance of saccade end points from the actual target location (*C*) and the spread, or mean squared variance of saccade end points (*D*), for the saccade-alone task (dark gray) and the reach and saccade task (light gray). We also show the saccade metric data as the difference between tasks (*E* and *F*). Directions that were more accurate (*E*) or precise (*F*) are shown in light gray for the reach and saccade task and dark gray for the saccade-alone task. \**P* \< 0.05, \*\**P* \< 0.01 by a random permutation test.](z9k0051212110007){#F7}

We also tested whether differences in saccade metrics varied across monkeys and recording sessions. For *monkey J*, differences in accuracy between the tasks were not significant for any target, although they showed the same trend. There were no significant differences between monkeys in variance for any target. We also looked to see whether differences in saccade metrics could be attributed to different recording sessions. We compared trials that were recorded at the same time as saccade preference cells, reach and saccade preference cells, and no preference cells to see whether behavioral differences were stronger when differences in neural activity were recorded. On trials recorded at the same time as saccade preference cells and trials recorded at the same time as reach and saccade preference cells, there were no significant differences in accuracy across trials for either the saccade-alone task (*P* = 0.09, random permutation test) or the reach and saccade task (*P* = 0.7, random permutation test). There were no significant differences in variance between these two groups. Accuracy was better for saccade-alone trials during trials recorded at the same time as no preference cells compared with saccade preference cells as well as compared with reach and saccade preference cells (*P* \< 0.01, random permutation test). Again, there were no significant differences in variance between these groups of trials for any target location. Because we saw no difference in the accuracy or variance of saccades between trials recorded at the same time as saccade preference cells and reach and saccade preference cells across targets, differences in the neural activity of individual cells cannot be directly linked to behavioral differences between the tasks.

DISCUSSION
==========

Here we examine the neural mechanisms of coordinated reach and saccade movements that are made together to a single spatial target. We find that eye-hand coordination is selectively encoded by both spiking and LFP activity in area LIP of the PPC. In the spiking activity, eye-hand coordination is encoded by two populations of neurons, defined by their response to the reach and saccade task: saccade preference cells, whose firing rate is suppressed, and reach and saccade preference cells, whose firing rate is increased. Importantly, only the activity of saccade preference cells is significantly coherent with the LFPs in area LIP. SFC for the reach and saccade preference cells and an additional population of no preference cells is significantly weaker. Since all three populations of neurons display spatially selective increases in firing rate, the difference between them is not simply due to differences in the firing rate itself and reflects differences in the temporal patterning of activity observed in different populations of neurons. The SFC suggests that local circuits in area LIP encode coordinated eye-hand movements through suppression of temporally coherent activity. In line with this prediction, the majority of LFPs showed a strong suppression during the reach and saccade task. Few LFPs showed increased power during the reach and saccade task, while up to 60% of LFPs showed suppression. Suppressed LFP power was not only found near saccade preference cells. LFPs recorded on the same electrode as reach and saccade preference cells and no preference cells were just as likely to show suppression in power as the entire population of LFPs. The overall pattern of spike-field responses indicates that suppression of saccade-related activity in area LIP involves temporally coherent patterns of activity and that LFP activity in area LIP preferentially reflects the activity of this temporally coherent population of neurons.

Spike-Field Coherence in Area LIP
---------------------------------

Previous work examining SFC in area LIP during memory-guided saccades emphasized the significance of gamma-frequency (25--90 Hz) activity ([@B91]). In contrast, while we observe elevated SFC at up to 90 Hz ([Fig. 4](#F4){ref-type="fig"}, *A* and *B*), the SFC we report here is present at lower frequencies, with a peak at ∼20 Hz. Here we discuss important methodological differences that exist between earlier work and the present study that may contribute to the difference in results.

[@B91] recorded neural activity spiking and LFP activity with 12-μm twisted wire tetrodes. In those data, spiking was clearly observed on some but usually not all channels of the tetrode. To limit the influence of large-amplitude action potentials on LFP calculations, LFP activity was analyzed only on the channel of the tetrode that had the smallest-amplitude action potential. In most cases, there was no appreciable amplitude spiking waveform from the single unit that was the focus of the SFC analysis. Consequently, the SFC estimates were likely from very local sites near the single-unit recording electrode, within ∼50 μm, and the LFP activity was often not appreciably corrupted by single-unit waveforms.

In contrast, our present experiments do not use tetrodes and use multiple single electrodes spaced by at least 550 μm and typically 710 μm (see [methods]{.smallcaps}). Since SFC is corrupted by large-amplitude spikes when the LFP is recorded on the same electrode as an isolated single unit, we have focused on presenting SFC on different electrodes.

Several studies have documented how neural correlations decay with electrode separation, in terms of the correlations and coherence between LFP signals ([@B55]; [@B70]; [@B83]) and the averaged spike-triggered LFP ([@B83]). The decay in coherence is more pronounced at higher frequencies ([@B70]). Consequently the difference in separation between electrode separation in the present study, 650--4,550 μm (714 μm median), and previous work, ∼50 μm, may underlie the differences in the SFC results. Additional work, however, is needed to directly examine this hypothesis.

Suppression of Saccade-Related Activity and the LFP
---------------------------------------------------

LFP activity predominantly reflects synchronous synaptic potentials near the recording electrode ([@B78]), and recent work indicates that the volume of cortical tissue reflected in LFP activity can be quite local, within 250 μm of the recording electrode ([@B60]; [@B118]). We report changes in LFP power associated with a coordinated reach and saccade across a range of frequencies. Gamma-band (\>40 Hz) activity is suppressed after the target flash, while lower beta-band (∼10--40 Hz) activity is suppressed during the later memory period. The overall result is that power is greater before a saccade made alone and suppressed when a coordinated reach is made.

The suppression of LFP power before the coordinated reach is widespread and most pronounced at sites where saccade preference cells are present. The SFC analysis demonstrates that the saccade preference cells are also most correlated with LFP activity. This suggests that suppression in LFP activity preferentially reflects the activity of saccade preference cells, a population of cells whose firing rate is lower before a coordinated reach than before saccades made alone. This interpretation is supported by simulation studies of synaptic inputs to individual neurons and LFP activity that show that SFC can involve synchronous synaptic input to the cell and that synaptic activity can be predominantly reflected in LFP activity ([@B10]; [@B120]). Since the saccade preference cells display the most significant SFC and reduce their firing rate before coordinated movements compared with saccades made alone, it follows that LFP power is also reduced.

The thread that runs through the spike rate, LFP power, and SFC results is that LFP power reflects the changes in the firing rate of populations of neurons that display temporally coherent activity. In this way, our results are consistent with the hypothesis that LFP power reflects the level of temporally correlated neural signals. It is important to note that the changes in LFP power we observe are not simply due to the firing rate of cells recorded on the same electrode ([Fig. 6](#F6){ref-type="fig"}). Although saccade preference cells were more likely to be recorded near LFPs showing suppression due to the reach, this was not true for our other cell groups. In fact, LFPs recorded on the same electrode as reach and saccade preference cells were no less likely to show suppression due to the coordinated reach than the average population.

Our finding that LFP activity robustly encodes coordination in area LIP indicates that temporally patterned neural activity may underlie coordination. SFC shows that not all area LIP neurons participate in the temporally patterned activity but the neurons that fire coherently reveal a consistent signature of coordination: the suppression of saccade-related activity. Neural coherence, most prominently in the gamma frequency band, has been proposed to underlie a variety of cognitive processes ([@B42]). In PPC, LFP activity encodes movement plans for saccades ([@B91]) and reaches ([@B102]), decisions ([@B89]), focal attention ([@B79]), and visual selection ([@B24]), and similar signals are present in human parietal cortex ([@B34]). It will be interesting to determine whether the firing rate properties of neurons that reflect factors other than coordination are also preferentially associated with temporally coherent activity patterns in area LIP.

On the basis of our results, we propose that neural coherence in the beta and gamma frequency bands coordinates movements of different effectors by bringing together signals involved in their control. Area LIP neurons that fire coherently encode the spatial location of an intended saccade and, through suppression of firing, whether a coordinated reach is also planned. We are not able to comment on the organization of local SFC in the gamma frequency band because of the distance between single-unit and LFP recording electrodes (see above). However, LFP power in the gamma frequency band appears to increase after coordinated reach and saccade movements compared with saccades made alone ([Fig. 6](#F6){ref-type="fig"}) and may reflect reaching signals arising from the reach-related circuits.

The reach-related inhibitory influence on saccade-related LIP activity we observe could, in principle, be related to sensory proprioceptive input, efferent copy of arm motor commands, or prospective coding of arm movement plans ([@B82]; [@B99]; [@B114], [@B113]). Our main observations of suppression are made during the stable hold period after the presentation of the spatial movement cue before the onset of movement. Prospective coding of arm movement plans is a plausible candidate for the reach-related inhibitory influence on saccade-related LIP activity that we observe. Plans are formed and maintained throughout the delay period before the Go cue, and reach plans are associated with changes in beta-frequency LFP activity in the parietal reach region ([@B102]). Beta-frequency activity could also be due to proprioception associated with the arm posture at the central hold target. However, our observation that beta-frequency SFC increases after the spatial cue is delivered is not easily explained by a proprioceptive signal because the arm posture does not change after the spatial cue. A role for efference copy of arm movement commands can be ruled out since the commands are not generated until the Go cue to move, while the changes in beta coherence are present before the Go cue.

Implications of Spike-Field Coherence
-------------------------------------

The mechanisms of temporally correlated neocortical activity have been widely studied, with many groups proposing that the generation of correlated activity in specific frequency bands critically depends on the balance of activity between excitatory neurons and inhibitory interneurons ([@B8]; [@B22]; [@B59]; [@B68]; [@B112]). The formation of cell assemblies with excitatory and inhibitory interconnections is also thought to underlie the formation of temporally correlated activity across a range of frequency bands ([@B25]; [@B50]; [@B66]).

In our case, we observe that only certain populations of neurons show correlated activity with the LFP, suggesting the presence of assemblies of cells that fire coherently together. Significant SFC can occur when there are synchronized synaptic inputs to particular neurons and when these synaptic inputs are sufficiently strong to modulate the spiking output of the cell. Simulations have shown that SFC generally underpredicts the strength of synchronous synaptic inputs to a single cell and that the degree of synchronous synaptic input is better revealed by analyzing the spiking of small populations of neurons that share synchronous synaptic inputs ([@B10]; [@B120]). Therefore, our observation of significant SFC in the activity of individual saccade preference cells indicates that these cells receive strong synchronous synaptic input. In comparison, our results indicate that the degree of synchronous input received by the reach and saccade preference cells and no preference cells is much weaker than that received by the saccade preference cells.

An intriguing implication of the relationship between spike rate suppression and SFC that we observe is that LFP activity in area LIP specifically reflects the action of inhibitory processes that are involved in coordinated behavior. We find that area LIP neurons that fire in a spatially selective manner when a saccade is being planned, and whose activity is correlated with nearby LFP activity, tend to reduce their rate of firing when a coordinated reach is planned with the saccade. One possible mechanism for this relationship is that LFP activity reflects synaptic potentials due to temporally coherent inputs to the nearby cells and these inputs involve the activity of inhibitory interneurons that drive the reduction in firing rate. Further work that develops models of spike-field activity is needed in order to assess the mechanistic implications of the SFC we report and whether the results imply a specific relationship between inhibitory inputs and correlated spike-field activity.

A Role for Area LIP in Hand and Eye Coordination
------------------------------------------------

A growing body of literature points to the hypothesis that neural mechanisms of coordination lie in fronto-parietal networks ([@B16]). In SEF and supplementary motor areas (pre-SMA and SMA) populations of neurons have been described that respond preferentially to a saccade-alone task, a reach and saccade task (SEF, pre-SMA, SMA), or a reach-alone task or nonpreferentially to multiple tasks (pre-SMA, SMA) ([@B43]; [@B81]). In FEF, neurons do not alter their firing in the presence of reach with a saccade ([@B81]). However, hand position modulates the activity of visual and saccade-related FEF neurons so that the firing rate of these neurons is either increased or suppressed depending on the location of hand relative to a saccade ([@B111]). The influence of hand position suggests that FEF neurons may compute spatial transformations for coordinating saccades with reaches in a manner similar to that observed in the dorsal premotor cortex ([@B14]; [@B21]; [@B88], [@B90]). Limb release modulates the response of area LIP neurons signaling visual attention ([@B87]). Inactivation of area LIP does not affect limb motor planning itself ([@B11]), suggesting that limb signals serve a modulatory role in coordinating visual and motor selection. There is also evidence that the effect of eye-hand coordination on the saccadic system extends beyond fronto-parietal networks to include the SC. Reach-related activity in the SC is consistent with control of eye-hand coordination ([@B74]; [@B116]), and fixation neurons in the SC are also activated by reaching in a reach and saccade task ([@B100]).

Unlike previous work on neural mechanisms of eye-hand coordination, our study is the first to examine both single-unit and LFP activity. Our findings indicate that the suppression of temporally coherent saccade-related responses plays an important role in understanding the role that area LIP plays in coordinated behavior. The results suggest that the neuronal mechanism of eye-hand coordination could involve functionally distinct cell assemblies, some of which increase their firing during coordination and some that are suppressed whose properties can be understood in terms of nearby LFP activity.

Area LIP contains connections with several other brain regions that could mediate the coordination of saccadic eye movements with arm movements. Area LIP is predominantly connected with visual areas, and while the precise pattern of connectivity depends on whether the dorsal (LIPd) or ventral (LIPv) subdivisions of area LIP are considered ([@B3]; [@B20]; [@B28]; [@B71]), connections include reach-related cortical regions PO and MIP ([@B71]). Indirect pathways between area LIP and reach-related cortical regions may also be important for coordinated reach and saccade movements. Area LIP neurons project to the lateral pulvinar nucleus of the thalamus ([@B7]). Neurons in the lateral pulvinar respond to reach movements and combined look-reach movements ([@B2]) and, in turn, project to parietal area 5 and the medial bank of the intraparietal sulcus, also known as PE and PEa, respectively ([@B1]; [@B26]). Reversible inactivation of the lateral pulvinar results in deficits of visually guided reaching without the presence of a visual field defect or primary motor deficit, further suggesting a potential role for the lateral pulvinar in coordinated visual behavior ([@B117]). According to our results, the influence of coordinated reach movements on saccade-related activity in area LIP is mediated by temporally coherent beta-frequency band activity. While beta-frequency band activity in the lateral pulvinar has not yet been reported, the somatomotor circuits of the parietal cortex and motor cortices contain widespread beta-frequency band LFP activity ([@B36]; [@B64]; [@B80]; [@B89]), suggesting that reach-related modulation of area LIP responses could originate in these circuits and arise in area LIP through direct and indirect projection systems.

Analysis of Saccade Metrics
---------------------------

Saccades show a positive relationship between peak velocity and amplitude called the main sequence ([@B9]). Previous reports have found differences in the main sequence of saccades made alone and saccades made with a reach in visually guided tasks ([@B39]; [@B108]). The effect of coordination on neural activity in area LIP cannot be explained exclusively by behavioral differences in our tasks. We found no consistent distinctions between the saccade metrics and the two different tasks. These results differ from previous reports that peak saccade velocity is higher when the saccade is accompanied by a reach ([@B39]). The differences with these studies may be attributed to differences in task design. Notably, in our task saccades are memory guided as opposed to visually guided and we study monkeys, not humans. [@B108] studied monkeys but only present data from one animal during memory-guided movements. Differences in training history may also differ between studies, as the animals in this study were not trained to reach to peripheral targets while maintaining central fixation. It is also worth noting that main sequence effects have been shown to deteriorate under certain conditions, including memory guidance ([@B17]; [@B106]), darkness ([@B105]), and head fixation ([@B31]). Under all of these conditions, saccades have been shown to be slower and more variable.

We did, however, observe interesting trends in the spatial metrics of the saccade end points. Saccade end points for the reach and saccade task were less accurate than for the saccade-alone task for half of the target locations. These tended to be the lower targets, however. The variance in end point was also greater for the reach and saccade task in all but two directions. This effect was not limited to the lower targets. Variance was never significantly greater for the saccade-alone task at any target location. This result is congruent with data from human subjects that showed greater variance in saccadic end points for reach and saccade movements compared with saccades alone ([@B75]). It is possible, therefore, that this is a behavioral effect of the suppression of neural activity in area LIP.

Early Influence of Coordination on Area LIP
-------------------------------------------

We find that the effect of the coordinated reach is substantial and present almost immediately after target onset. This suggests that the influence cannot be purely motor and may reflect cognitive factors associated with coordination. One possible explanation for the early differences in task responses could be related to differences in visual attention in response to the target flash. Previous work has shown that visual attention is tightly linked to saccadic eye movements ([@B67]). Differences in the allocation of attention associated with different movements may play a role ([@B12]; [@B57]). Improvements in visual attention are present at the target of an impending saccade and sustained during intervening delays. Attentional improvements are also present when a reach is cued to the same location without a saccade, although the improvement is short-lived and is not sustained before delayed manual responses ([@B35]). Therefore, the modulation of visual attention is potentially a contributing factor to our observations in area LIP. In this context, it is especially interesting that manual signals have also been reported to influence the firing of area LIP neurons in animals engaged in a visual attention task that required a manual operant response ([@B87]). A substantial fraction of area LIP neurons that signaled the presence of a cue and not a distracter in the response field were also modulated strongly by the limb, left or right, that released the grasp. These results differ from ours in that they report the influence of limb, left or right, in a nonspatial response while we examine the contralateral limb in a spatial response. Taken together, these results and our own clearly demonstrate an influence of skeletomotor signals on the activity of area LIP neurons.

Postsaccadic Suppression
------------------------

We also observe suppression associated with movements out of the response field. After the saccade, there is an increase in activity during the saccade-alone task that is suppressed by the addition of the coordinated reach in the reach and saccade task ([Fig. 1*C*](#F1){ref-type="fig"}). The increased activity after a saccade out of the response field has been thought to be due to a plan to make a return saccade back into the response field ([@B44]). Another, potentially related, explanation for this postsaccadic activity is the updating of visual space ([@B38]). Reaching may suppress either of these processes.

Slowing of subsequent saccades by coordinated reaching has been observed in humans ([@B75]; [@B84], [@B85]; [@B98]). There are several reasons why slowing of saccade generation could be important for hand-eye coordination. One is that reach accuracy benefits from visual feedback of the hand as it approaches the target ([@B61]). Perhaps more telling, reach accuracy benefits when a saccade is made to the target even when both the target and the vision of the hand are occluded ([@B95]; [@B96]). This suggests that extraretinal signals from eye position could be important in the accuracy of reaching. In both cases, suppressing saccade-related processes increases the availability of the eye to guide the hand to the target. The present study, however, does not allow a direct test of the hypothesis that suppression of postsaccadic activity is due to reach signals because the experimental design is confounded by differences in hand and eye positions after the saccade. Eye position signals modulate parietal firing according to gain fields ([@B5]). Hand position signals, which are present in the superior parietal lobe ([@B23]), may also modulate firing in area LIP. Consequently, additional work is needed to more directly test this hypothesis.
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